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Abstract
We present a revision of predictions for nuclear shadowing in deep-inelastic scattering at small
Bjorken xBj corresponding to kinematic regions accessible by the future experiments at electron-ion
colliders. The nuclear shadowing is treated within the color dipole formalism based on the rigorous
Green function technique. This allows incorporating naturally color transparency and coherence
length effects, which are not consistently and properly included in present calculations. For the
lowest |qq¯〉 Fock component of the photon, our calculations are based on an exact numerical solution
of the evolution equation for the Green function. Here the magnitude of shadowing is tested using
a realistic form for the nuclear density function, as well as various phenomenological models for the
dipole cross section. The corresponding variation of the transverse size of the qq¯ photon fluctuations
is important for xBj ∼> 10−4, on the contrary with the most of other models, which use frequently
only the eikonal approximation with the “frozen” transverse size. At xBj ∼< 0.01 we calculate within
the same formalism also a shadowing correction for the higher Fock component of the photon
containing gluons. The corresponding magnitudes of gluon shadowing correction are compared
adopting different phenomenological dipole models. Our results are tested by available data from
the E665 and NMC collaborations. Finally, the magnitude of nuclear shadowing is predicted for
various kinematic regions that should be scanned by the future experiments at electron-ion colliders.
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I. INTRODUCTION
One of the main topic, which is proposed to be studied by the future experiments at
electron-ion colliders (EICs) [1–4] using present RHIC and LHC facilities, represents the
nuclear shadowing at small values of Bjorken xBj. This gives the main motivation for study
of possible sources causing a suppression not only in deep-inelastic scattering (DIS) off
nuclei (see [5, 6], for example), but also in other exclusive processes at large energies, like
diffractive photo- and electroproduction of vector mesons on nuclei (see [7–11], for example),
the Drell-Yan process (see [12–14], for example), as well as the inclusive hadron production
in proton-nucleus collisions (see [15–17], for example).
The convenient, frequently used and experimentally measured observable for study of
nuclear shadowing in DIS is the nuclear structure function FA2 . In the region of small xBj
the effect of nuclear shadowing manifests itself as an inequality FA2 /(A F
N
2 ) < 1, where A
is the number of nucleons in a nuclear target and FN2 represents the free nucleon structure
function (see the review [18], for example). Such a study of shadowing can contribute to our
understanding and interpretation of suppression observed by hadron-nucleus and heavy-ion
experiments as well as allows to predict the corresponding nuclear phenomena expected by
the future measurements at EICs.
Interpretation of nuclear shadowing depends on the reference frame. In the present
paper, the shadowing is treated within the light-cone (LC) color dipole formalism, which
describes this phenomenon in the rest frame of the nucleus as the nuclear shadowing of
hadronic components of the virtual photon caused by their multiple scattering inside the
target [5, 6, 19–30]. However, the interpretation in the infinite momentum frame treats the
same phenomenon as a result of parton fusion [31–34], leading to a reduction of the parton
density at low Bjorken xBj.
The destructive interference of amplitudes corresponding to interactions, which occur on
different bound nucleons, leads to the effect known as the quantum coherence. It controls the
dynamics of nuclear shadowing and can be interpreted also as the lifetime tc of the photon
fluctuations. Assuming, for example, the lowest |qq¯〉 Fock component of the photon, this
lifetime can be expressed relying on the uncertainty principle and Lorentz time dilation and
has the following form,
tc =
2 ν
Q2 +M2qq¯
, (1.1)
where ν and Q2 is the photon energy and virtuality, and Mq¯q is the effective mass of the qq¯
pair. In what follows, besides the term coherence time tc, we will use also the term coherence
length (CL) lc, since the light-cone kinematics is assumed, lc = tc. The CL is related to the
longitudinal momentum transfer as qc = 1/lc.
In the most of present calculations, the effect of quantum coherence is not included
properly and the nuclear shadowing is calculated relying on eikonal approximation, which is
effective only at sufficiently large lc  RA, where RA is the nuclear radius. The magnitude
of the coherence length given by Eq. (1.1) for the case of the |qq¯〉 state is larger than for
higher Fock states containing gluons, |qq¯G〉, |qq¯GG〉, ..., since the corresponding effective
masses are larger than Mqq¯. For this reason, the shadowing caused by gluons manifests itself
at much higher energies (much smaller xBj) than that caused by quarks. Consequently, in
the present paper we will treat the nuclear shadowing with no restrictions on a magnitude
of the coherence length using the Green function formalism [5–7, 10, 11, 13, 35].
The important ingredient of the color dipole approach is the dipole cross section, σqq¯(r),
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which represents the interaction of qq¯ dipole of transverse separation ~r with a nucleon [41].
The flavor invariance due to universality of the QCD coupling, and the small size behavior,
σqq¯(r) ∝ r2 for r→0 (the property known as the color transparency) are two main properties
of σqq¯(r) leading to its energy- and r-universality as well as to its potentiality to describe in
an uniform way various high-energy processes.
The magnitude of nuclear shadowing is strongly correlated with the shape of σqq¯(r),
which cannot be predicted from the first principles because of poorly known higher order
perturbative QCD (pQCD) corrections and nonperturbative effects. However, it can be
separately determined from the ep DIS data at HERA, what allows to include naturally in
our calculations all higher order corrections and higher twist effects. For this reason, we are
forced to rely on a number of phenomenological parametrizations proposed in the literature
(see [35–39], for example) which are based on the fits to the HERA DIS data.
Consequently, in the current paper we present for the first time a detailed analysis of
shadowing effects in DIS off nuclei within the color dipole formalism revising and improving
the old calculations from [5, 6]. The main motivation for such a study is based on the new
data expected from the planned realization of future measurements at EICs. Consequently,
our predictions for shadowing will be predominantly focused on corresponding kinematic
regions. The magnitude of shadowing coming from the lowest |qq¯〉 (quark shadowing) as
well as from higher |qq¯G〉, . . . (gluon shadowing) Fock components of the photon is calculated
using the Green function technique, which naturally includes not only the effects of quantum
coherence but also color transparency. Besides, we extend for the first time such a study
also to various phenomenological dipole models for σqq¯(r). Consequently, the corresponding
variations in model predictions using distinct phenomenological parametrizations of σqq¯(r)
can be treated as a measure of the underlined theoretical uncertainty. This has a large
impact for future studies of the QCD dynamics, mainly in connection with determination of
the onset of shadowing effects not only in DIS off nuclei, but also in other processes occurring
in lepton (proton)-nucleus interactions and in heavy-ion collisions.
Another additional innovative output of the present paper in based on our provision
of public numerical grids for the magnitude of gluon shadowing, RG, calculated as the
shadowing correction from the |qq¯G〉 Fock component of the photon, for various nuclear
targets, photon virtualities Q2, values of the Bjorken xBj, as well as for various values of
the nuclear impact parameter b. The corresponding numerical values can be found on the
following Zenodo web-page: https://zenodo.org/record/3470138 [40].
The paper is organized as follows. In the next Section II we present a short review of the
light-cone dipole phenomenology for description of nuclear shadowing in DIS which is based
on the Green function formalism. Here, we treat separately the shadowing correction from
the lowest |qq¯〉 component of the photon as well as from the higher Fock states containing
gluons. Consequently, in Sect. III we discuss contributions to gluon shadowing from differ-
ent multi-gluon Fock components with respect to kinematic regions accessible by the future
experiments at EICs. Here we show an importance of the onset of quantum coherence effects
which are not treated properly in present calculations. The next Section IV is devoted to
model predictions for the shadowing and to comparison of the corresponding numerical re-
sults with available data. Here, we present our results including various photon fluctuations,
such as qq¯ and qq¯G, as function of Bjorken xBj and photon virtuality Q
2, especially for kine-
matic regions scanned by the future measurements at EICs. Here, we provide for the first
time also model predictions adopting various phenomenological models of the dipole cross
sections and test their impact on the magnitude of shadowing. We also compare our results
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with the onset of shadowing effects obtained from the parton model within a broad range
of xBj. The possibility to obtain directly numerical values for the gluon shadowing factor
from the public grid is mentioned in Sect. V. Finally, in Section VI we summarize our main
results and analyze theoretical uncertainties in estimation of nuclear shadowing in DIS as a
function of xBj and Q
2. Here, we also discuss the possibility of an experimental evidence of
a gluon contribution to the overall nuclear shadowing in kinematic regions scanned by the
future experiments at EICs.
II. A SHORT REVIEW OF THE LIGHT-CONE DIPOLE APPROACH TO NU-
CLEAR SHADOWING
In the rest frame of the nucleus, different Fock components of the virtual photon can
contribute to nuclear shadowing effect in the total virtual photoabsorption cross section
σγ
∗A
tot (xBj, Q
2) or in the structure function FA2 (xBj, Q
2). Consequently, the nuclear cross
section σγ
∗A
tot (xBj, Q
2) then reads,
σγ
∗A
tot (xBj, Q
2) = A σγ
∗N
tot (xBj, Q
2)−∆σtot(xBj, Q2) , (2.1)
where ∆σtot(xBj, Q
2) represents the summation of shadowing corrections coming from dif-
ferent Fock states, |qq¯〉, |qq¯G〉, |qq¯2G〉, · · ·
∆σtot(xBj, Q
2) = ∆σqq¯tot(xBj, Q
2) + ∆σqq¯Gtot (xBj, Q
2) + ∆σqq¯2Gtot (xBj, Q
2) + · · · . (2.2)
In Eq. (2.1) the variable σγ
∗N
tot (xBj, Q
2) represents the total virtual photoabsorption cross
section on a nucleon defined at Bjorken variable xBj given by
xBj =
Q2
2mN ν
≈ Q
2
Q2 + s
, (2.3)
where s is the γ∗-nucleon center of mass (c.m.) energy squared and mN is the mass of the
nucleon.
In the light-cone dipole approach, the variable σγ
∗N
tot (xBj, Q
2) can be expressed in the
quantum-mechanical form,
σγ
∗N
tot (xBj, Q
2) = 〈Ψqq¯(r, α)|σqq¯(r)|Ψqq¯(r, α)〉 =
∫
d2r
∫ 1
0
dα
∣∣∣Ψqq¯(~r, α,Q2) ∣∣∣2 σqq¯(~r, s) ,
(2.4)
where Ψqq¯(~r, α,Q
2) is the LC wave function of the |qq¯〉 Fock component of the photon, which
depends also on the photon virtuality Q2 and the relative share α of the photon momentum
carried by the quark and σqq¯(~r, s) is the dipole cross section, which depends on the qq¯
transverse separation ~r and the c.m. energy squared s. Here, the corresponding dependence
on xBj is related to s via Eq. (2.3).
The dipole cross section σqq¯(r, xBj), representing the essential ingredient of the color
dipole approach, has been first introduced in Ref. [41]. Two main properties of σqq¯(r, xBj),
such as the flavor invariance due to universality of the QCD coupling, and the small size
behavior, σqq¯(r) ∝ r2 for r → 0 (the property known as the color transparency [41–43]),
support its flavor independence as well as the energy and transverse size universality.
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Because of poorly known higher order perturbative QCD corrections and nonperturbative
effects, the cross section σqq¯(r, xBj) cannot be predicted reliably. Here, we are forced to use
phenomenological parametrizations of σqq¯(r, xBj) based on fits to HERA data on DIS and
structure functions. Although about ten different parametrizations can be found recently
in the literature, for our study of the onset of nuclear shadowing effects we use the most
popular of them denoted as GBW [36, 37], KST [35], BGBK [38] and IP-Sat [39].
Another ingredient, which is important in calculations of nuclear shadowing, is the LC
perturbative distribution amplitude (“wave function”) of the photon. For the lowest |qq¯〉
Fock component of the photon, it has the following form for transversally (T) and longitu-
dinally (L) polarized photons [23, 44, 45]:
ΨT,Lqq¯ (~r, α,Q
2) =
√
NC αem
2 pi
Zq χ¯ Oˆ
T,L χK0( r), (2.5)
where χ and χ¯ are the spinors of the quark and antiquark respectively, Zq is the quark
charge, NC = 3 is the number of colors, and K0(r) is a modified Bessel function with
2 = α (1− α)Q2 +m2q , (2.6)
where mq is the quark mass.
The energy dependence of the hadron production cross section can be included in two
different alternative ways. Relying on the two-gluon approximation [41], the dipole cross
section is constant and energy dependence comes from the higher-order corrections related to
gluon radiation. Another way is to involve higher Fock components of the photon containing
gluons in addition to the lowest |qq¯〉 state. Here, we prefer the former way introducing the
energy (Bjorken xBj) dependence in the dipole cross section σqq¯(r, s) not including higher
Fock states into the photon wave function as is expressed by Eq. (2.4).
The operators ÔT,L in Eq. (2.5) read,
ÔT = mq ~σ · ~e+ i (1− 2α) (~σ · ~n) (~e · ~∇r) + (~σ × ~e) · ~∇r , ÔL = 2Qα(1− α) (~σ · ~n) ,
(2.7)
where ~∇r acts on the transverse coordinate ~r, ~e is the polarization vector of the photon, ~n
is a unit vector parallel to the photon momentum, and ~σ is the three vector of the Pauli
spin-matrices.
The transverse size of the qq¯ photon fluctuation is controlled by the distribution amplitude
Eq. (2.5) with the corresponding mean value
〈r〉 ∼ 1

=
1√
Q2 α (1− α) +m2q
. (2.8)
Within the pQCD, very asymmetric qq¯ pairs with α or (1 − α) ∼< m2q/Q2 lead to a huge
magnitude of the mean transverse separation 〈r〉 ∼ 1/mq due to small current quark masses.
In order to solve this problem, we are forced to rely on a popular recipe introducing an
effective quark mass meff ∼ ΛQCD, which represents the nonperturbative interaction effects
between the q and q¯. However, here we prefer another more consistent and straightforward
way using a phenomenology based on the light-cone Green function formalism [35] where
such q − q¯ interquark interaction is explicitly included.
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The propagation of an interacting qq¯ pair between points with longitudinal coordinates z1
and z2 and with initial and final transverse separations ~r1 and ~r2 is described by the Green
function Gqq¯(~r2, z2; ~r1, z1) satisfying the following two-dimensional Schro¨dinger equation,
i
d
dz2
Gqq¯(~r2, z2; ~r1, z1) =
[
2 −∆r2
2 ν α (1− α) + Vqq¯(z2, ~r2, α)
]
Gqq¯(~r2, z2; ~r1, z1) , (2.9)
with the boundary condition
Gqq¯(~r2, z2; ~r1, z1)|z2=z1 = δ2(~r1 − ~r2) . (2.10)
Considering the propagation of a qq¯ pair in vacuum, the LC potential Vqq¯(z2, ~r2, α) in (2.9)
contains only the real part, which describes the interaction between the q and q¯. Although,
more realistic models for ReVqq¯ can be found in the literature (see [46, 47], for example) for
the sake of simplicity we use an oscillator form of this potential,
Re Vqq¯(z2, ~r2, α) =
a4(α) ~r2
2
2 ν α(1− α) , (2.11)
what leads to an analytic solution of the corresponding Schro¨dinger equation (2.9) for the
light-cone Green function, which has the following form,
Gqq¯(~r2, z2; ~r1, z1) =
a2(α)
2 pi i sin(ω∆z)
exp
{
i a2(α)
sin(ω∆z)
[
(r21 + r
2
2) cos(ω ∆z)− 2 ~r1 · ~r2
]}
×exp
[
− i 
2 ∆z
2 ν α (1− α)
]
, (2.12)
where ∆z = z2 − z1, and ω = a2(α)ν α(1−α) . The shape of the function a(α) in Eqs. (2.11)
and (2.12) has been determined in Ref. [35] with parameters adjusted to the data on the
total photoabsorption cross section, diffractive proton dissociation and shadowing in nuclear
photoabsorption reaction. Here, we would like to emphasize that any form of the q − q¯
interaction potential should be consistent with the mean q − q¯ and quark-gluon transverse
separations, which matter for shadowing and are determined from the fit to diffraction data.
We checked that our choice of the potential given by Eq. (2.11) complies with this condition.
From the known shape of the LC Green function, one can calculate the probability
amplitude to find the qq¯ fluctuation of a photon at the longitudinal coordinate z2 with
a transverse separation ~r as the integral over the point z1 where the qq¯ pair is created by
the photon with initial separation zero,
ΨT,Lqq¯ (~r, α) =
i Zq
√
αem
4pi E α(1− α)
z2∫
−∞
dz1
(
χ¯ ÔT,Lχ
)
Gqq¯(~r, z2; ~r1, z1)
∣∣∣
r1=0
. (2.13)
Here, the operators ÔT,L are defined by Eq. (2.7) and act on the coordinate ~r1.
Using the following expression for the transverse part,
χ¯ ÔTχ = χ¯ mq ~σ · ~e χ+ χ¯ [i (1− 2α) (~σ · ~n)~e+ (~σ × ~e)] χ · ~∇r = E + ~F · ~∇r , (2.14)
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then the distribution functions for the qq¯ fluctuation of the photon, accounting for the q− q¯
interaction, read
ΨTqq¯(~r, α) = Zq
√
αem
[
E Φ0(, r, λ) + ~F ~Φ1(, r, λ)
]
, (2.15)
ΨLqq¯(~r, α) = 2Zq
√
αemQα(1− α) χ¯ ~σ · ~n χΦ0(, r, λ) , (2.16)
where the parameter λ = 2 a2(α)/2 and the functions Φ0,1 are defined as
Φ0(, r, λ) =
1
4pi
∞∫
0
dt
λ
sh(λt)
exp
[
− λ
2r2
4
cth(λt)− t
]
, (2.17)
~Φ1(, r, λ) =
2~r
8pi
∞∫
0
dt
[
λ
sh(λt)
]2
exp
[
− λ
2r2
4
cth(λt)− t
]
. (2.18)
Here the functions sh(x) and cth(x) represent the hyperbolic sine and hyperbolic cotangent,
respectively.
The parameter λ in Eqs. (2.15) and (2.16) is responsible for the onset of the q − q¯
interaction. In the limit of vanishing interaction λ → 0 (i.e. Q2 → ∞, α is fixed, α 6= 0
or 1), Eqs. (2.15) and (2.16) produce the well known perturbative expressions of Eq. (2.5).
Then the matrix element (2.4) contains the perturbative LC wave functions squared with
the following form for T and L polarizations,
∣∣∣ΨTqq¯(~r, α,Q2) ∣∣∣2 = 2NC αem(2pi)2
Nf∑
f=1
Z2f
[
m2f K0(, r)
2 + [α2 + (1− α)2] 2K1( r)2
]
, (2.19)
and ∣∣∣ΨLqq¯(~r, α,Q2) ∣∣∣2 = 8NC αem(2pi)2
Nf∑
f=1
Z2f Q
2 α2(1− α)2K0( r)2 , (2.20)
where K1 is the modified Bessel function, K1(z) = − dK0(z)/dz.
Using Eq. (2.4) for the total photoabsorption cross section including both polarizations
T and L, one can obtain,
σγ
∗N
tot (xBj, Q
2) = σγ
∗N
T (xBj, Q
2) + ε˜ σγ
∗N
L (xBj, Q
2) , (2.21)
with the photon polarization ε˜ = 1 and
σγ
∗N
T (xBj, Q
2) =
∫
d2r
∫ 1
0
dα
∣∣∣ΨTqq¯(~r, α,Q2)∣∣∣2 σNqq¯(r)
=
2NCαem
2pi
∫ ∞
0
r dr
∫ 1
0
dα
∑
f
Z2f
[
(α2 + (1− α)2) 2K21(r) +m2fK20(r)
]
σNqq¯(r), (2.22)
σγ
∗N
L (xBj, Q
2) =
∫
d2r
∫ 1
0
dα
∣∣∣ΨLqq¯(~r, α,Q2)∣∣∣2 σNqq¯(~r)
=
2NCαem
2pi
∫ ∞
0
r dr
∫ 1
0
dα
∑
f
Z2f 4Q
2 α2(1− α)2K20(r)σNqq¯(r). (2.23)
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Then the corresponding structure functions can be expressed as
F1(xBj, Q
2) =
Q2
4pi2αem
σγ
∗N
T (xBj, Q
2)
2xBj
, (2.24)
F2(xBj, Q
2) =
Q2
4pi2αem
[
σγ
∗N
T (xBj, Q
2) + σγ
∗N
L (xBj, Q
2)
]
, (2.25)
leading finally to the standard differential cross section for deep inelastic scattering,
d2σ
dxBjdQ2
=
4pi α2EM
Q4
{(
1− y − x
2
Bj y
2m2N
Q2
)
F2(xBj, Q
2)
xBj
+ y2 F1(xBj, Q
2)
}
. (2.26)
Including the nonperturbative (npt) q − q¯ interaction, one can obtain, instead of
Eqs. (2.19) and (2.20), the following expressions for the wave functions squared,
∣∣∣ΨTnpt(~r, α,Q2) ∣∣∣2 = 2NC αem Nf∑
f=1
Z2f
[
m2f Φ
2
0(, r, λ) + [α
2 + (1− α)2] ∣∣~Φ1(, r, λ) ∣∣2 ] ,
(2.27)
and ∣∣∣ΨLnpt(~r, α,Q2) ∣∣∣2 = 8NC αem Nf∑
f=1
Z2f Q
2 α2(1− α)2 Φ20(, r, λ) . (2.28)
As we have already mentioned above, within the LC formalism the energy resp. Bjorken-
xBj dependence of the dipole cross section σqq¯(~r, s) resp. σqq¯(~r, xBj) (see Eq. (2.4)) accounts
for the effect of higher Fock states |qq¯G〉, |qq¯2G〉, etc., which are contained in the photon
wave function. Such an energy dependence of the dipole cross section is naturally included
in various dipole models, like GBW [36, 37], KST [35], BGBK [38] and IP-Sat [39], used in
our calculations.
A. Quark shadowing
Now, we will switch on the nuclear targets and study the propagation of different Fock
components of the photon in a nuclear matter. The derivation of the formula for nu-
clear shadowing, treating only the first shadowing correction for the lowest |qq¯〉 Fock state
∆σtot(xBj, Q
2) = ∆σqq¯tot(xBj, Q
2) in Eq. (2.1), can be found in [48] and reads:
∆σtot(xBj, Q
2) =
1
2
Re
∫
d2b
∫ ∞
−∞
dz1 ρA(b, z1)
∫ ∞
z1
dz2 ρA(b, z2)
∫ 1
0
dα A(z1, z2, α) , (2.29)
where
A(z1, z2, α) =
∫
d2r2Ψ
∗
qq¯(~r2, α,Q
2)σqq¯(r2, s)
∫
d2r1Gqq¯(~r2, z2; ~r1, z1)σqq¯(r1, s)Ψqq¯(~r1, α,Q
2) .
(2.30)
As soon as the nonpertubative interaction effects between the q and q¯ are explicitly included,
one should use in Eq. (2.30) the LC wavefunctions Ψnpt(~r, α,Q
2) instead of Ψqq¯(~r, α,Q
2).
In Eq. (2.29) the variable ρA(b, z) represents the nuclear density function defined at the
point with longitudinal coordinate z and impact parameter ~b.
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FIG. 1: A cartoon [5, 6, 10] for the first shadowing term ∆σtot(xBj , Q
2) = ∆σtot(qq¯) in Eq. (2.1).
The Green function Gqq¯(~r2, z2; ~r1, z1) describes the propagation of the qq¯ pair through the nucleus,
which results from the summation over different paths of the qq¯ pair.
The first shadowing correction from the lowest qq¯ component of the photon
∆σtot(xBj, Q
2) = ∆σqq¯tot(xBj, Q
2) in (2.1) is illustrated in Fig. 1 [5, 6, 10]. At the point with
longitudinal coordinate z1, the initial photon produces diffractively the qq¯ pair (γ
∗N → qq¯N)
with initial transverse separation ~r1. The qq¯ pair then propagates through the nucleus along
arbitrary curved trajectories, which are summed over, and arrives at the point with longi-
tudinal coordinate z2 and with final transverse separation ~r2. The initial and final sepa-
rations are controlled by the LC wave function of the |qq¯〉 Fock component of the photon
Ψqq¯(~r, α,Q
2). During propagation through the nucleus, the qq¯ pair interacts with bound
nucleons via the dipole cross section σqq¯(r, s), which depends on the local transverse separa-
tion ~r. The Green function Gqq¯(~r2, z2; ~r1, z1) describes the propagation of the qq¯ pair from
longitudinal coordinate z1 to z2.
Similarly as in a vacuum, the propagation of the |qq¯〉 Fock component of the photon
in a nuclear medium is described by the Green function Gqq¯(~r2, z2; ~r1, z1) satisfying again
the time-dependent two-dimensional Schro¨dinger equation, Eq. (2.9). However, here the
potential Vqq¯(z2, ~r2, α) additionally acquires an imaginary part, which is responsible for the
attenuation of the qq¯ photon fluctuation in the medium and has the following form
ImVqq¯(z2, ~r, α) = −σqq¯(~r, s)
2
ρA(b, z2) . (2.31)
As was already mentioned above, only the harmonic oscillator potential Vqq¯(r) ∝ r2
allows to solve Eq. (2.9) analytically. This corresponds to a quadratic approximation also
for ImVqq¯(z2, ~r2, α) and, consequently, one should take the dipole cross section of the form,
σqq¯(r, s) = C(s) r
2 , (2.32)
and uniform nuclear density
ρA(b, z) = ρ0 Θ(R
2
A − b2 − z2) , (2.33)
with RA representing the nuclear radius. In this case the solution of Eq. (2.9) leads to the
same form as that in Eq. (2.12), except that one should replace ω =⇒ Ω and a2(α) =⇒ b(α),
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where
Ω =
b(α)
να(1− α) =
√
a4(α)− i ρA(b, z) ν α (1− α)C(s)
ν α (1− α) . (2.34)
The value of the energy dependent factor C(s) in Eqs. (2.32) and (2.34) can be determined
by the procedure described in Refs. [5, 10, 30]. Here, the factor C(s) was adjusted obtaining
the same magnitude of nuclear shadowing in DIS employing the approximation Eq. (2.32)
as well as the realistic parametrization of the dipole cross section (GBW [36, 37], KST [35],
BGBK [38] and IP-Sat [39]) in the high energy limit, lc  RA, when the Green function
acquires the simple form (see Eq. (2.40)). This leads to the following relation,∫
d2 b
∫
d2 r
∣∣∣Ψqq¯(~r, α,Q2)∣∣∣2 {1− exp [−12 C(s) r2 TA(b)]}∫
d2 r
∣∣∣Ψqq¯(~r, α,Q2)∣∣∣2C(s) r2
=
∫
d2 b
∫
d2 r
∣∣∣Ψqq¯(~r, α,Q2)∣∣∣2 {1− exp [−12 σqq¯(r, s)TA(b)]}∫
d2 r
∣∣∣Ψqq¯(~r, α,Q2)∣∣∣2 σqq¯(r, s) , (2.35)
where TA(b) =
∫∞
−∞ dz ρA(b, z) is the nuclear thickness function calculated with the realistic
Wood-Saxon form of the nuclear density, with parameters taken from [49]. Analogically,
the value ρ0 of the uniform nuclear density Eq. (2.33) was fixed using the following relation
[5, 10, 30]∫
d2 b
[
1− exp
(
−σ0 ρ0
√
R2A − b2
)]
=
∫
d2 b
[
1− exp
(
−1
2
σ0 TA(b)
)]
. (2.36)
Treating the shadowing correction for the lowest |qq¯〉 Fock component of the photon, the
corresponding formula for the coherence length is given by Eq. (1.1), where the effective
mass for the qq¯ pair depends on the LC variable α and reads
M2qq¯ ≡M2qq¯(α) =
m2q + p
2
T
α(1− α) . (2.37)
As was already discussed above, the CL effect is naturally included in the Green function
formalism via the longitudinal momentum transfer of its minimal magnitude qminL = 1/l
max
c =
ε2/(2να(1 − α)) (see the second line of Eq. (2.12)). Then, depending on the value of the
CL, one can distinguish two regimes of the nuclear shadowing in DIS:
(i) The first regime represents the general case with no restrictions for the CL lc and
can be applied at any energy. At energies when lc ∼< RA, one has to take into account the
variation of the transverse size r during propagation of the qq¯ pair through the nucleus.
However, such a variation is naturally included in the Green function formalism presented
above. Then the corresponding total photoabsorption cross section on a nucleus, after
summation over all flavors, colors, helicities and spin states and expressed as a sum over T
and L polarizations, σγ
∗A = σγ
∗A
T + 
′ σγ
∗A
L , assuming the photon polarization 
′ = 1, is given
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by the following expression [5, 6, 48, 50],
σγ
∗A
tot (xBj, Q
2) = Aσγ
∗N
tot (xBj, Q
2)−∆σqq¯tot(xBj, Q2)
= A
∫
d2r
∫ 1
0
dα σqq¯(r, s)
(∣∣∣ΨTqq¯(~r, α,Q2)∣∣∣2 + ∣∣∣ΨLqq¯(~r, α,Q2)∣∣∣2
)
− NC αem
(2pi)2
Nf∑
f=1
Z2f Re
∫
d2b
∫ ∞
−∞
dz1
∫ ∞
z1
dz2
∫ 1
0
dα
∫
d2r1
∫
d2r2
× ρA(b, z1) ρA(b, z2)σqq¯(r2, s)σqq¯(r1, s)
×
{[
α2 + (1− α)2
]
2
~r1 · ~r2
r1 r2
K1( r1)K1( r2) (2.38)
+
[
m2f + 4Q
2 α2 (1− α)2
]
K0( r1)K0( r2)
}
Gqq¯(~r2, z2; ~r1, z1) ,
where the photon LC wave functions squared
∣∣∣ΨT,Lqq¯ (~r, α,Q2) ∣∣∣2 are given by Eqs. (2.19) and
(2.20).
The Eq. (2.38) has the following modified form taking into account the nonperturbative
interaction effects between q and q¯ of the virtual photon,
σγ
∗A
npt (xBj, Q
2) = Aσγ
∗N
npt (xBj, Q
2)−∆σqq¯npt(xBj, Q2)
= A
∫
d2r
∫ 1
0
dα σqq¯(r, s)
(∣∣∣ΨTnpt(~r, α,Q2)∣∣∣2 + ∣∣∣ΨLnpt(~r, α,Q2)∣∣∣2
)
− NC αem
Nf∑
f=1
Z2f Re
∫
d2b
∫ ∞
−∞
dz1
∫ ∞
z1
dz2
∫ 1
0
dα
∫
d2r1
∫
d2r2
× ρA(b, z1) ρA(b, z2)σqq¯(r2, s)σqq¯(r1, s)
×
{[
α2 + (1− α)2
]
~Φ1( , r1, λ) · ~Φ1( , r2, λ) (2.39)
+
[
m2f + 4Q
2 α2 (1− α)2
]
Φ0( , r1, λ) Φ0( , r2, λ)
}
Gqq¯(~r2, z2; ~r1, z1) ,
where
∣∣∣ΨT,Lnpt (~r, α,Q2) ∣∣∣2 are given by Eqs. (2.27) and (2.28).
(ii) In the high energy limit of long coherence length (LCL), lc  RA, the transverse
separation r between q and q¯ does not vary during propagation through the nucleus. The
corresponding eikonal formula, frequently used in the literature, can be obtained as a limiting
case of the Green function formalism, when the Green function takes a simple form,
Gqq¯(b; ~r2, z2; ~r1, z1)|ν→∞ = δ(~r2 − ~r1) exp
[
−1
2
σqq¯(r2, s)
∫ z2
z1
dz ρA(b, z)
]
, (2.40)
neglecting the kinetic term in Eq. (2.9) in the high energy limit ν →∞.
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Taking into account nonperturbative q− q¯ interaction effects and substituting the Green
function of the form (2.40) into Eq. (2.39), one can obtain the following simple formula:
σγ
∗A
npt (xBj, Q
2) = 2
∫
d2b
∫
d2r
∫ 1
0
dα
{
1− exp
[
−1
2
σq¯q(r, s)TA(b)
]}
× 2NC αem
Nf∑
f=1
Z2f
{[
α2 + (1− α)2
] ∣∣∣~Φ1( , r, λ)∣∣∣2 (2.41)
+
[
m2f + 4Q
2 α2 (1− α)2
]
Φ20( , r, λ)
}
.
Here, to be more precise, one should replace the factor 1 − exp [−σq¯q(r, s)TA(b)]/2 by the
expression, 1− [1− σq¯q(r, s)TA(b)/(2A)]A.
The explicit analytical form for the Green function Eq. (2.12) requires to use the quadratic
harmonic oscillatory shape of the qq¯ potential with the corresponding real part Eq. (2.11) as
well as with the imaginary part given by Eq. (2.31) for the specific form of the dipole cross
section Eq. (2.32) and the nuclear density function Eq. (2.33). However, in the general case,
the evolution equation for the Green function has to be solved numerically and, consequently,
one can use then the arbitrary phenomenological dipole models and realistic nuclear density
functions. It was done for the first time in Ref. [5] and is performed as well in the present
paper.
The numerical solution of the Schro¨dinger equation, Eq. (2.9), for the Green function
Gqq¯(~r2, z2; ~r1, z1) with the initial condition, Eq. (2.10), is more effective performing the fol-
lowing substitutions [5],
g0(~r2, z2; z1, λ) =
∫
d2r1 Φ0( , r1, λ)σqq¯(r1, s)Gqq¯(~r2, z2; ~r1, z1),
~r2
r2
g1(~r2, z2; z1, λ) =
∫
d2r1 ~Φ1( , r1, λ)σqq¯(r1, s)Gqq¯(~r2, z2; ~r1, z1) . (2.42)
This leads to the following evolution equations for new functions g0(~r2, z2; z1, λ) and
g1(~r2, z2; z1, λ) [5],
i
d
dz2
g0(~r2, z2; z1, λ)
=
{
1
2 να(1− α)
[
2 − ∂
2
∂ r22
− 1
r2
∂
∂ r2
]
+ Vqq¯(z2, ~r2, α)
}
g0(~r2, z2; z1, λ),
i
d
dz2
g1(~r2, z2; z1, λ)
=
{
1
2 να(1− α)
[
2 − ∂
2
∂ r22
− 1
r2
∂
∂ r2
+
1
r22
]
+ Vqq¯(z2, ~r2, α)
}
g1(~r2, z2; z1, λ) ,
(2.43)
where the real and imaginary part of the LC potential Vqq¯(z, ~r, α) is given by Eqs. (2.11)
and (2.31), respectively. The boundary conditions for the modified Green functions g0 and
g1 in Eq. (2.43) read,
g0(~r2, z2; z1, λ)|z2=z1 = Φ0( , r2, λ)σq¯q(r2, s),
g1(~r2, z2; z1, λ)|z2=z1 = Φˆ1( , r2, λ)σq¯q(r2, s) , (2.44)
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where the function Φˆ1 is related to ~Φ1 from Eq. (2.18) as ~Φ1( , r, λ) =
~r
r
· Φˆ1( , r, λ).
Consequently, the expression (2.39), which includes explicitly the nonperturbative inter-
action effects between q and q¯, will be modified as follows,
σγ
∗A
npt (xBj, Q
2) = Aσγ
∗N
npt (xBj, Q
2)−∆σqq¯npt(xBj, Q2)
= A
∫
d2r
∫ 1
0
dα σqq¯(r, s)
(∣∣∣ΨTnpt(~r, α,Q2)∣∣∣2 + ∣∣∣ΨLnpt(~r, α,Q2)∣∣∣2
)
− 3αem
Nf∑
f=1
Z2f Re
∫
d2b
∫ ∞
−∞
dz1
∫ ∞
z1
dz2
∫ 1
0
dα
∫
d2r2
× ρA(b, z1) ρA(b, z2)σqq¯(r2, s)
{[
α2 + (1− α)2
]
Φˆ1( , r2, λ) g1(~r2, z2; z1, λ)
+
[
m2f + 4Q
2 α2 (1− α)2
]
Φ0( , r2, λ) g0(~r2, z2; z1, λ)
}
, (2.45)
with details of the algorithm for the numerical solution of Eqs. (2.43) presented in Ref. [5].
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FIG. 2: Nuclear shadowing for the lowest |qq¯〉 Fock state as function of Bjorken xBj . Comparison
of calculations in the LCL limit with more sophisticated Green function formalism at different fixed
values of Q2.
The most of recent studies of nuclear shadowing in DIS are based usually on calculations
in the high energy (LCL) limit, lc  RA, also in kinematic regions when such a condition
is not valid. The corresponding results overestimate thus the realistic shadowing at smaller
energies when the coherence length Eq. (1.1) is comparable with the nuclear radius, lc ∼ RA.
Such a situation is demonstrated for the lowest |qq¯〉 Fock component in Fig. 2 where we
compare calculations of shadowing performed in the LCL limit, Eq. (2.41) (dashed lines)
with the realistic case, Eq. (2.45) (solid lines), based on the Green function formalism. Such
a comparison is presented as function of Bjorken xBj (photon energy) for the lead target
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at different fixed values of the photon virtuality Q2. One can see, that LCL calculations
for the |qq¯〉 state can be safely used for determination of the shadowing magnitude only at
sufficiently small xBj ∼< 10−3. Otherwise they overestimate the shadowing as is demonstrated
as a difference between the solid and dashed lines at larger xBj ∼> 10−3.
Note that inclusion of higher Fock states containing gluons makes a shift of such LCL
limit towards smaller Bjorken xBj due to much larger values of the corresponding effective
mass leading to much shorter coherence length (see Eq. (1.1)).
Note that the lowest |qq¯〉 Fock component of the photon represents the highest twist
shadowing correction [30], and vanishes at large quark masses as 1/m2f . This does not
happen for higher Fock states containing gluons, which will be discussed below. Therefore,
the contribution to nuclear shadowing from such Fock states represents the leading twist
shadowing correction [35, 51]. Moreover, a steep energy dependence of the dipole cross
section σqq¯(r, s) (see Refs. [35–39] for different dipole models, for example) especially at
smaller dipole sizes r causes a strong energy rise of both corrections.
B. Gluon shadowing
Within the LC dipole approach based on the Green function formalism, the first shad-
owing correction in Eq. (2.2) containing just one gluon corresponds to the Fock component
|qq¯G〉. In comparison with the |qq¯〉 state, such a fluctuation has a larger effective mass M2qq¯G
(see Eq. (3.1)) leading so to a smaller coherence time given by Eq. (1.1). Consequently, the
larger photon energy (smaller Bjorken xBj) is required for a manifestation of an analogical
onset of shadowing effects as for the |qq¯〉 case. The detailed discussion about gluon shad-
owing correction as well as different interpretation of this effect in various reference frames
can be found in Refs. [6, 12, 35].
In the present paper, the gluon shadowing correction related to the |qq¯G〉 intermediate
Fock component has been calculated analogically as presented in Refs. [6, 12, 35]. Here, the
suppression factor RG is given as the ratio of gluon densities in nuclei and nucleon,
RG(xBj, Q
2) =
GA(xBj, Q
2)
AGN(xBj, Q2)
∼ 1− ∆σtot(qq¯G)
Aσγ
∗N
tot (xBj, Q
2)
, (2.46)
where the inelastic correction ∆σtot(qq¯G) to the total cross section σ
γ∗A
tot (xBj, Q
2) (see
Eq. (2.1)) reads,
∆σtot(qq¯G) = Re
∞∫
0
d 2b
∞∫
−∞
dz2
z2∫
−∞
dz1 ρA(b, z1) ρA(b, z2)
∫
d 2x2 d
2y2 d
2x1 d
2y1
∫
dαq
dαG
αG
× F †γ∗→qq¯G(~x2, ~y2, αq, αG) Gqq¯G(~x2, ~y2, z2; ~x1, ~y1, z1) Fγ∗→qq¯G(~x1, ~y1, αq, αG) ,
(2.47)
where variables ~x and ~y represent the transverse distances from the gluon to the quark
and antiquark, respectively; αq is the fraction of the LC momentum of the qq¯ carried
by the quark; αG is the fraction of the photon momentum carried by the gluon; and
Gqq¯G(~x2, ~y2, z2; ~x1, ~y1, z1) is the LC Green function describing the propagation of the qq¯G
system between states with initial longitudinal and transverse coordinates z1 and ~x1, ~y1,
respectively, and the final coordinates (z2, ~x2, ~y2).
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The above Eq. (2.47) contains also functions Fγ∗→qq¯G, representing the amplitudes of
diffractive qq¯G production in a γ∗N interaction [35], of the following form,
Fγ∗→qq¯G(~x, ~y, αq, αG) =
9
8
Ψqq¯(~x− ~y, αq)
[
ΨqG
(
~x,
αG
αq
)
−Ψq¯G
(
~y,
αG
1− αq
)]
×
[
σqq¯(x) + σqq¯(y)− σqq¯(~x− ~y)
]
, (2.48)
where Ψqq¯ (see Eqs. (2.15) and (2.16)) and Ψq¯G are the LC distribution functions of the qq¯
fluctuations of a photon and qG fluctuations of a quark, respectively. The latter includes
nonperturbative interaction effects and has the following form [35],
ΨqG(r, α) =
2
pi
√
αS(Q2)√
3
~eq · ~r
r2
exp
(
−1
2
b˜2(α) r2
)
, (2.49)
where ~eq is the quark polarization vector; and b˜(α) = b
2
0 + αQ
2, with b20 = (0.65)
2 GeV2.
Here the nonperturbative parameter b0 is related to the mean quark-gluon separation r0 as
b0 ∼ 1/r0.
q
r
z
1G
*
z1 2
γ q
G
G    (r   , z  ; r   , z )GG 1G 1
γ*
2G  2  
r2G
FIG. 3: A cartoon [52] for the shadowing term ∆σtot(xBj , Q
2) = ∆σtot(qq¯G). The Green function
GGG(~r2G, z2;~r1G, z1) describes the propagation of the qq¯G system through the nucleus as a propa-
gation of the effective gluon-gluon (color octet-octet) dipole neglecting the small transverse size of
the color-octet G ≡ qq¯ fluctuation.
The LC Green function in Eq. (2.47) describing the propagation of the three-body system
qq¯G can be simplified without any significant impact on the accuracy of gluon shadowing
calculations. As was discussed in Ref. [35] and is presented below in Sect. IV B (see also
Fig. 7), at large Q2 the calculation of shadowing corresponding to |qq¯〉 Fock state is based
mainly on perturbative QCD. However, the nonperturbative effects can not be neglected for
the higher |qq¯G〉 component. Consequently, for Q2  1/r20 = b20 ≈ 0.45 GeV2 the mean qq¯
transverse size squared (see Eq. (2.8)) 〈r2〉qq¯  r20. In this case suppressing the intrinsic
qq¯ separation, i.e. assuming ~x = ~y, one can obtain a more simple form for the Green
function, which describes now effectively the propagation of a two-body gluon-gluon (color
octet-octet) dipole through a medium as is illustrated in Fig. 3.
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All details of calculation can be found in Refs. [6, 12, 35]. In the present paper, we test
for the first time how the magnitude of gluon shadowing correction is correlated with the
shape of several specific models for the dipole cross section (see Refs. [36, 37] for the GBW,
[35] for the KST, [38] for the BGBK, and [39] for the IP-sat parametrization) used in our
analyses.
The final expression for the gluon suppression factor (2.46) contains the factor C [6, 12, 35]
inherent in the quadratic form of the dipole cross section (2.32) which can be usually obtained
as the first term of the Taylor series,
C0(x) =
dσGG(r, x)
dr2
∣∣∣∣
r2=0
=
9
4
dσqq¯(r, x)
dr2
∣∣∣∣
r2=0
. (2.50)
However, more realistic determination of the parameter C → Ceff follows from the
asymptotic condition [12] similar to that for the qq¯ component of the photon (2.35),∫
d2b
∫
d2r
∣∣∣ΨqG(r, αG)∣∣∣2 {1− exp[−12Ceff (x,Q2)TA(b) r2]}∫
d2r
∣∣∣ΨqG(r, αG)∣∣∣2Ceff (x,Q2) r2
=
∫
d2b
∫
d2r
∣∣∣ΨqG(r, αG)∣∣∣2 {1− exp[−98 σNqq¯(r, x)TA(b)]}∫
d2r
∣∣∣ΨqG(r, αG)∣∣∣2 94 σNqq¯(r, x) , (2.51)
where the dipole cross section σqq¯ is sampled at the energy corresponding to x = xBj/αG
with the prescription x = min(xBj/αG, 0.1) [6, 12, 35] and the LC quark-gluon wave function
squared |ΨqG|2 follows from Eq. (2.49) and has the following form,
∣∣∣ΨqG(r, α)∣∣∣2 = 4αS(Q2)
3pi2
exp
(
−b˜2(α) r2
)
r2
. (2.52)
Results of extraction of dipole parameters Ceff from the asymptotic condition (2.51) are
presented in Fig. 4 for the Ca and Pb targets. Here we present also the sensitivity of such
extraction to different dipole parametrizations used in our analyses of nuclear shadowing,
such as GBW [36, 37], KST [35], BGBK [38] and IP-sat [39]. Because at small transverse
separations r the dipole cross section is related to the gluon structure function GN(x,Q
2)
of the target nucleon as,
σqq¯(r, x) =
pi2
3
αS(r)GN(x,Q
2) r2 , (2.53)
the growth of the factor Ceff with energy is caused by the rise of GN(x,Q
2) towards small
x. Consequently, all panels of Fig. 4 also clearly demonstrate that uncertainties in deter-
mination of Ceff , caused by different dipole model parametrizations, rise towards smaller
values of x.
The differences between standard determination of the C parameter based on Eq. (2.50)
(C ⇒ C0) and more realistic extraction based on the asymptotic condition (2.51) (C ⇒ Ceff )
are depicted in Fig. 5 in terms of the x-dependent ratio Ceff/C0 for the Ca and Pb targets.
Such a comparison has been performed again for different models of the dipole cross section
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FIG. 4: The x-dependence of the factor Ceff at fixed value xBj = 10
−6 for the Ca (left panels)
and Pb (right panels) target, respectively. The top and bottom panels correspond Q2 = 4 GeV2
and at Q2 = 20 GeV2, respectively. Determination of the factor Ceff is performed for several
phenomenological dipole cross sections as mentioned in the text.
denoted as GBW, KST, BGBK and IP-sat with corresponding references presented above.
One can see that at small x, the factor Ceff < C0, what leads to a smaller magnitude of
gluon shadowing correction using more realistic determination of the factor Ceff . Besides,
the GBW, KST and IP-Sat dipole models give quite similar results, which differ significantly
from the results based on BGBK model, especially at larger values of x ∼> 10−4 and larger
values of Q2.
Within the LC dipole formalism, one can calculate the gluon shadowing correction cor-
responding to the lowest Fock component |qq¯G〉. Since the inclusion of higher multigluon
fluctuations is very complicated, their contribution to gluon shadowing can be effectively
included eikonalizing the calculated factor RG(xBj, Q
2) [53]. This leads to the following
renormalization of the dipole cross section anywhere in expressions for the photoabsorption
cross section,
σNqq¯(r, x)⇒ σNqq¯(r, x)RG(x,Q2) . (2.54)
Consequently, the final formula (2.45) for the nuclear total photoproduction cross section
σγ
∗A
npt , including nonperturbative q − q¯ interaction effects and corrected also for the gluon
17
0.0
0.5
1.0
1.5
2.0
2.5
3.0
Ca, Q2 = 4 GeV2 Pb, Q2 = 4 GeV2
0.0
0.5
1.0
1.5
2.0
2.5
10−5 10−4 10−3 10−2
Ca, Q2 = 20 GeV2
10−5 10−4 10−3 10−2
Pb, Q2 = 20 GeV2
C
e
f
f
(x
)/
C
0
(x
)
C
e
f
f
(x
)/
C
0
(x
)
x
GBW
KST
BGBK
IPsat
x
FIG. 5: The same as Fig. 4 but for the ratio of factors Ceff/C0.
shadowing effects, now reads,
σγ
∗A
npt (xBj, Q
2, RG) =
∫
d2b TA(b)RG(b, xBj, Q
2)σγ
∗N
npt (xBj, Q
2)−∆σqq¯npt(xBj, Q2, RG)
=
∫
d2b TA(b)
∫
d2r
∫ 1
0
dα σqq¯(r, s)RG(b, xBj, Q
2)
(∣∣∣ΨTnpt(~r, α,Q2)∣∣∣2 + ∣∣∣ΨLnpt(~r, α,Q2)∣∣∣2
)
− 3αem
Nf∑
f=1
Z2f Re
∫
d2b
∫ ∞
−∞
dz1
∫ ∞
z1
dz2
∫ 1
0
dα
∫
d2r2 ρA(b, z1) ρA(b, z2)
× σqq¯(r2, s)RG(b, xBj, Q2)
{[
α2 + (1− α)2
]
Φˆ1( , r2, λ)h1(~r2, z2; z1, λ, b)
+
[
m2f + 4Q
2 α2 (1− α)2
]
Φ0( , r2, λ)h0(~r2, z2; z1, λ, b)
}
, (2.55)
where the modified Green functions h0 and h1 are now defined as (compare with Eq. (2.42)),
h0(~r2, z2; z1, λ, b) =
∫
d2r1 Φ0( , r1, λ)σqq¯(r1, s)RG(b, xBj, Q
2)Gqq¯(~r2, z2; ~r1, z1),
~r2
r2
h1(~r2, z2; z1, λ, b) =
∫
d2r1 ~Φ1( , r1, λ)σqq¯(r1, s)RG(b, xBj, Q
2)Gqq¯(~r2, z2; ~r1, z1) ,
(2.56)
and satisfy the same Schro¨dinger equations as those given by Eq. (2.43) but with the fol-
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lowing boundary conditions,
h0(~r2, z2; z1, λ, b)|z2=z1 = Φ0( , r2, λ)σq¯q(r2, s)RG(b, xBj, Q2),
h1(~r2, z2; z1, λ, b)|z2=z1 = Φˆ1( , r2, λ)σq¯q(r2, s)RG(b, xBj, Q2) . (2.57)
Since we use the quadratic approximation of the dipole cross section (see Eq. (2.50))
in calculations of gluon shadowing correction, for large dipole separations we implement a
restriction that the corresponding magnitude of the dipole cross section does not exceed
maximal values of σ0 inherent in the realistic saturated forms of the dipole cross sections
analyzed in the present paper. This leads to the following condition,
C0 r¯
2(b,∆z = z2 − z1) ≤ σ0, (2.58)
resulting into the following substitution,
r¯2(b,∆z)⇒ σ0
C0
{
1− exp
[
−C0 r¯
2(b,∆z)
σ0
]}
, (2.59)
where the mean transverse size squared r¯2(b,∆z)〉 reads,
r¯2(b,∆z) =
Re
∫ 1
0
dα
∫
d2r2 r
2(b,∆z) ρA(b, z1) ρA(b, z2)σqq¯(r2, s)RG(b)F (α,R2, z1, z2)
Re
∫ 1
0
dα
∫
d2r2 ρA(b, z1) ρA(b, z2)σqq¯(r2, s)RG(b)F (α, r2, z1, z2)
(2.60)
with the function F (α, r2, z1, z2) defined from Eq. (2.55),
F (α, r2, z1, z2) =
{[
α2 + (1− α)2
]
Φˆ1( , r2, λ)h1(~r2, z2; z1, λ, b)
+
[
m2f + 4Q
2 α2 (1− α)2
]
Φ0( , r2, λ)h0(~r2, z2; z1, λ, b)
}
. (2.61)
III. GLUON SHADOWING FROM HIGHER FOCK COMPONENTS
As was mentioned in the previous Sect. II B, the effect of higher Fock states of the photon
containing gluons has been included by means of Eq. (2.54) simulating thus effectively the
interference effects in a nucleus. Although the total virtual photoabsorption cross section
σγ
∗A
tot (xBj, Q
2) can be expressed by Eq. (2.1) in terms of shadowing corrections decomposed
over different Fock components as is given by Eq. (2.2), the corresponding gluon shadowing
factor RG in Eq. (2.54) has been calculated taking only the qq¯G fluctuation. In comparison
to the |qq¯〉 state, such a one-gluon fluctuation has a significantly smaller coherence time
(1.1) due to its larger effective mass, which reads [30],
M2qq¯G ≡M2qq¯G(α, αG) =
p2T
αG(1− αG) +
M2qq¯(α)
1− αG M
2
qq¯ , (3.1)
where αG and α have been introduced above and M
2
qq¯ is the effective mass of the qq¯ fluctu-
ation given by Eq. (2.37).
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The next two-gluon Fock component |qq¯2G〉 has even much higher effective mass,
M2qq¯2G M2qq¯G leading thus to a much shorter coherence time and, consequently, the shad-
owing correction terms ∆σqq¯2Gtot , ∆σ
qq¯3G
tot , ... , ∆σ
qq¯nG
tot in Eq. (2.2) are negligibly small within
the kinematic range accessible by the future experiments at EICs. For this reason, in the
present paper we perform predictions for nuclear shadowing keeping only |qq¯〉 and |qq¯G〉
Fock states.
Finally, we would like to emphasize that the summation of all Fock components is inherent
in Balitsky-Kovchegov (BK) equation [54, 55]. Here, calculating shadowing in DIS off nuclear
targets, all Fock states are treated in the high energy limit when the corresponding coherence
length exceeds significantly the nuclear radius, i.e. lqq¯c , l
qq¯G
c , ..., l
qq¯nG
c  RA. Consequently,
BK equation can not lead to reliable predictions for nuclear shadowing especially in kinematic
regions, studied in the present paper and covered by the future EICs, where the coherence
length for some Fock states, which are dominant for shadowing, can be comparable with the
nuclear radius.
IV. PREDICTIONS FOR NUCLEAR SHADOWING
A. Kinematic regions of planned electron-ion colliders
The kinematic regions covered by the future experiments at several electron-ion colliders
are presented in Fig. 6. Table I shows the energy ranges accessible by the future EIC
0.1
1
10
100
1000
10−6 10−5 10−4 10−3 10−2 10−1 100
Q
2
(G
eV
2
)
xBj
EIC-low Ee = 5 GeV, EA = 40 GeV; 0.01 ≥ y ≥ 0.95
EIC-high Ee = 18 GeV, EA = 110 GeV; 0.01 ≥ y ≥ 0.95
LHeC Ee = 60 GeV, EA = 2760 GeV; 0.01 ≥ y ≥ 0.95
FIG. 6: The Q2 vs xBj ranges corresponding to kinematic regions covered by the future nuclear
DIS experiments at several electron-ion colliders planned at RHIC in BNL (EIC) [1–3], as well as
at LHC (LHeC) in CERN [4].
experiment at RHIC in BNL, as well as at LHeC in CERN. In the case of EIC, the nuclear
effects are expected to be investigated using mainly the gold target. However, other nuclear
targets can be studied as different nuclear beams were set at RHIC in the past. At the LHeC,
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the measured nuclear target (lead) should remain the same as in the present experiments at
the LHC.
Mode Ee (GeV) EA (GeV)
√
seN (eA) (GeV)
EIC 5 40 20
EIC 10 110 47
EIC 18 110 63
LHeC ( Run1) 60 1380 407
LHeC ( Run2) 60 2760 575
TABLE I: Expected energy ranges accessible by the planned electron-ion colliders at RHIC (EIC)
[1–3] and at LHeC [4].
B. Nonperturbative effects at small Q2
As the first step, treating the lowest |qq¯〉 Fock component, we test the onset of non-
perturbative effects adopting the nonperturbative photon wave functions from [6] (see also
Eqs. (2.27) and (2.28)). Fig. 7 demonstrates that the relative contribution of these effects to
nuclear shadowing cannot be neglected only at very small photon virtualities Q2 ∼< 2 GeV2.
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FIG. 7: The demonstration of the onset of nonperturbative effects in calculations of the quark
shadowing (corresponding to the lowest |qq¯〉 Fock state) for the Pb target as function of Bjorken xBj
at different fixed Q2. The solid and dashed curves correspond to calculations using nonperturbative
photon wave functions (see Eqs. (2.27) and (2.28)) and the standard perturbative form (see
Eqs. (2.19) and (2.20)), respectively.
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C. Nuclear shadowing from the parton model
In the present paper for more comprehensive study of shadowing effects, besides the color
dipole formalism, we express the structure function ratio FA2 /(AF
p
2 ) also in terms of parton
distribution functions using the following relation,
FA2 (xBj, Q
2)
AF p2 (xBj, Q
2)
=
∑
f Z
2
f
{
RAf (xBj, Q
2) qf (xBj, Q
2) +RA
f¯
(xBj, Q
2) q¯f¯ (xBj, Q
2)
}
∑
f Z
2
f
{
qf (xBj, Q2) + q¯f¯ (xBj, Q
2)
} , (4.1)
where Zf is the quark charge, qf (xBj, Q
2) is the distribution function of a parton f (here we
used the CT10 parametrization [56]), the factor RAf (xBj, Q
2) is the nucleus-to-nucleon ratio
of distribution functions for a parton f (parton nuclear modification factor). Here we used
the latest EPPS16 parametrization from Ref. [57]. Apart, we also employ the nCTEQ15
parametrization [58] that includes the nuclear parton distribution function in the CTEQ
framework.
Comparison of the magnitudes of shadowing using the both color dipole formalism and
Eq. (4.1) based on the parton model is presented below in Sect. IV F.
D. Predictions for shadowing from the lowest |qq¯〉 component of the photon
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FIG. 8: Predictions for the shadowing in DIS on Ca target as function of xBj at several fixed Q
2.
Calculations correspond to contribution of the lowest |qq¯〉 Fock component of the photon.
Here, we present the contribution to nuclear shadowing from the lowest |qq¯〉 Fock fluc-
tuation of the photon. Calculations have been performed according to Eq. (2.45) based on
22
0.5
0.6
0.7
0.8
0.9
1.0
Q2 = 0.1 GeV2
Pb
Q2 = 2 GeV2
0.5
0.6
0.7
0.8
0.9
1.0
10−6 10−5 10−4 10−3 10−2
Q2 = 10 GeV2
10−6 10−5 10−4 10−3 10−2
Q2 = 50 GeV2
F
A 2
/A
F
p 2
F
A 2
/A
F
p 2
xBj
GBW
KST
xBj
BGBK
IP-Sat
FIG. 9: The same as Fig. 8 but for the Pb target.
the Green function formalism with the corresponding exact numerical solution of the evolu-
tion equation (see Eq. (2.43)). This allowed to adopt the realistic nuclear density functions
parametrized as is described in Ref. [49], as well as realistic parametrizations of the dipole
cross section, such as GBW, KST, BGBK and IP-sat used in our analysis. The predictions
for expected kinematic regions of xBj and Q
2 in experiments at EICs are presented in Figs. 8
and 9 for the Ca and Pb targets, respectively.
One can see that differences in predictions using various dipole models rises towards
smaller values of xBj. This gives an opportunity to test such models by the more precise
data from EICs.
E. Predictions for shadowing including higher |qq¯G〉 Fock component of the pho-
ton
In this section, we present the results of our calculations of gluon shadowing correction
RG(xBj, Q
2) (see Eq. (2.46)) corresponding to the |qq¯G〉 Fock component of the photon
containing one gluon. These results are depicted in Fig. 10 for the Ca and Pb target at
two fixed values of Q2 = 4 GeV2 and 20 GeV2. Here, we test several phenomenological
parametrizations for σqq¯(r), such as GBW, KST, BGBK and IP-sat and their impact on the
magnitude of the gluon shadowing factor RG.
The Fig. 10 clearly demonstrates again that uncertainties in predictions of RG, using
various dipole models for σqq¯(r), rise towards small values of Bjorken xBj. Besides, one can
see that the magnitude of the gluon shadowing at small xBj ∼< 10−2 is smaller using more
realistic factor Ceff instead of C0 for all dipole models except for the BGBK parametrization.
Such results are consistent also with Fig. 5.
23
0.5
0.6
0.7
0.8
0.9
1.0
Ca, Q2 = 4 GeV2 Pb, Q2 = 4 GeV2
0.5
0.6
0.7
0.8
0.9
1.0
10−6 10−5 10−4 10−3 10−2
Ca, Q2 = 20 GeV2
10−6 10−5 10−4 10−3 10−2
Pb, Q2 = 20 GeV2
R
G
(x
B
j
,Q
2
)
R
G
(x
B
j
,Q
2
)
xBj
GBW
KST
BGBK
IPsat
GS with C0
GS with Ceff
xBj
FIG. 10: Predictions for the gluon shadowing correction from the qq¯G fluctuation of the photon
as function of xBj for the Ca (left panels) and Pb (right panels) target, respectively. The top and
bottom panels include calculations at fixed values of Q2 = 4 GeV2 and Q2 = 20 GeV2, respectively.
The solid and dashed lines correspond to results using factors C0 and Ceff , respectively. The
magnitude of the gluon shadowing factor is computed using several parametrizations for the dipole
cross section as mentioned in the text.
F. Predictions for shadowing expected at planned electron-ion colliders
In this Section, the predictions for the overall nuclear shadowing expected in the kinematic
regions accessible by experiments at electron-ion colliders are presented in Figs. 11 and 12
for the calcium and lead target, respectively. Here, we included besides the lowest |qq¯〉
Fock component of the photon also contributions from higher fluctuations containing gluons
relying on Eq. (2.54) [53] eikonalizing so the gluon shadowing factor RG for the |qq¯G〉
Fock component of the photon. The filled areas are bounded by calculations of shadowing
corrections from the multi-gluon Fock states using factors C0 and Ceff as is described above
in Sect. II B.
The both Figs. 11 and 12 also show the comparison of our results based on the LC dipole
formalism using the Green function technique with the standard results (see Sect. IV C)
based on the parton model using the nuclear parton distribution functions. Such a compari-
son of the shadowing magnitude is performed adopting several dipole models, as well as two
parametrizations of nuclear PDFs as is described in the caption of Fig. 11.
Here, we would like to emphasize that differences in predictions for nuclear shadowing
related to various dipole models rise towards smaller values of the Bjorken xBj. The suf-
ficiently more precise data on shadowing expected by the future experiments at EIC and
LHeC can help to distinguish between various models, mainly in the context to consider
their further potential to be employed for shadowing predictions.
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FIG. 11: Predictions for the overall nuclear shadowing including the contribution from the low-
est qq¯ photon fluctuations according to Eq. (2.45), as well as from the higher multigluon Fock
states |qq¯G...〉, effectively included via eikonalization of the gluon suppression factor RG(xBj , Q2),
according to Eq. (2.54). Calculations have been performed for the Ca target as function of xBj
at different fixed Q2. The boundaries of filled areas correspond to contributions from multi-gluon
Fock states calculated with factors C0 and Ceff . Predictions within the LC dipole formalism for
several dipole models (GBW, KST, BGBK, IP-sat) are compared with results based on the parton
model, Eq. (4.1), using EPPS16 [57] and nCTEQ15 [58] parametrizations for the nuclear parton
distribution functions.
Besides the uncertainty coming from various dipole models, we would like to stress the
uncertainty affected by the calculation of the gluon shadowing itself which is caused by
different factors C0 and Ceff as is discussed in Sect. II B. However, in comparison with the
former, the later uncertainty is much smaller and thus has much a weaker impact on the
accuracy of predictions for shadowing as is clearly demonstrated in both Figs. 11 and 12.
G. Comparison with available data
The last Fig. 13 compares our calculations of the shadowing for several dipole models
(GBW, KST, BGBK and IP-sat) with available data from the E665 [59] and EMC [60]
Collaborations. The boundaries of shadowed regions correspond to calculations of the gluon
shadowing correction using the factors C0 and Ceff . One can see a reasonable agreement
of our predictions with data. However, the error bars at small xBj are too large for the
preference of some dipole model.
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FIG. 12: The same as Fig. 11 but for the Pb target.
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FIG. 13: Model predictions for the nuclear shadowing vs. data from E665 [59] and EMC [60]
Collaborations for the Ca (left panel) and Pb (right panel) target, respectively. Calculations are
performed for several dipole models as indicated in the text.
V. DATA SETS
Numerical data sets that include values for Ceff given by Eq. (2.51) and correspond-
ing gluon shadowing factors RG are available on Zenodo web-page https://zenodo.org/
record/3470138 [40]. Here the values of gluon shadowing correction RG can be computed
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from Eq. (2.46) for Ca and Pb nuclei as a function of xBj, Q
2, and b for various dipole
parametrizations of σqq¯(r, x), such as GBW [36, 37], KST [35], BGBK [38] and IP-sat [39].
VI. CONCLUSIONS
In this paper, we present the comprehensive study of the shadowing in deep-inelastic
scattering off nuclei in the kinematic regions accessible by the future electron-ion colliders,
which will be installed at RHIC and LHC. Model predictions are calculated within the LC
color dipole approach based on the rigorous Green function formalism allowing to incorporate
naturally the effects of quantum coherence and color transparency.
Calculations of the shadowing, within kinematic regions covered by the future experiments
at EICs, allow to include in a sufficient way only contributions from |qq¯〉 and |qq¯G〉 Fock
states, safely neglecting the higher multi-gluon fluctuations due to their very large effective
mass and, consequently, very weak onset of quantum coherence effects. This enables to
perform the proper predictions for the nuclear shadowing without any restrictions for the
coherence length. Here, we would like to emphasize that although a very popular Balitsky-
Kovchegov equation [54, 55] is able to sum up all Fock components, it does not lead to
reliable results since is related to the limit of very long coherence length when transverse
sizes of Fock states are ”frozen” during propagation through the nucleus.
In the present paper we compare for the first time the magnitudes of shadowing using
various phenomenological models for the dipole cross section, which is inherent in color
dipole formalism. We test that our predictions using such models are in a good agreement
with available data from the E665 and NMC collaboration. Large error bars especially at
small Bjorken xBj do not allow to exclude any dipole model, used in our analysis, from the
potentially reliable description of data in the kinematic regions scanned by the future EICs.
We perform a lot of predictions for the shadowing that can be verified by the corre-
sponding future experiments. This gives a possibility to test various models for the dipole
cross section especially at small xBj ∼< 10−4 and, consequently, can shed more light on the
onset of low-xBj saturation phenomena, as well as on effects of nuclear quantum coherence.
More precise data on nuclear shadowing off nuclei from the future experiments can allow to
quantify the contribution of the gluon shadowing correction.
Finally, we would like to emphasize that numerical values for the gluon shadowing factor
RG presented in the current paper can also be obtained interactively on Zenodo web-page:
https://zenodo.org/record/3470138 [40].
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